ABSTRACT: Engineering and scaling-up new materials for better water desalination are imperative to find alternative fresh water sources to meet future demands. Herein, the fabrication of hydrophobic polyetherimide composite nanofiber membranes doped with novel ethylenepentafluorophenylene-based periodic mesoporous organosilica nanoparticles is reported for enhanced and fouling resistant membrane distillation. Novel organosilica nanoparticles were homogeneously incorporated into electrospun nanofiber membranes depicting a proportional increase of hydrophobicity to the particle contents. Direct contact membrane distillation experiments on the organosilica-doped membrane with only 5 % doping showed an increase of flux of 140 % compared to commercial membranes. The high porosity of organosilica nanoparticles was further utilized to load the eugenol antimicrobial agent which produced a dramatic enhancement of the anti-biofouling properties of the membrane of 70 % after 24 h.
INTRODUCTION
Fresh water shortage is considered one of the most critical problems nowadays. The majority of the world population lacks drinking water according to the world health organization (WHO). 1 Seawater is widely available and composes the majority of the world resources. The growing importance of water desalination encouraged the renewed focus on existing technology for water desalination. Reverse osmosis (RO) and multistage flash (MSF) are the major and most commonly used technologies for seawater desalination. 2 However, the evolutionary improvement of RO membranes solely prepared from polymeric materials seems to be approaching saturation especially pertaining to improving flux and reducing energy consumption. [3] [4] [5] Furthermore, biofouling is a key limitation of commercial RO membranes which require extensive pretreatment and excessive pressure to overcome the resistance arising from fouled membranes. 4, [6] [7] To overcome these limitations, researchers sought methods with lower capital and operational expenditures such as membrane distillation (MD), which is a thermally driven membrane based water desalination process. MD can produce high purity water without hydraulic pressure and it runs at low temperatures which make it a relatively low-cost desalination process. [8] [9] Although MD is a promising technology, one of the challenges facing its development is the fabrication of efficient membranes with specific characteristics such as high hydrophobicity, optimum pore size, high porosity, and low thermal conductivity. [10] [11] [12] Furthermore, biofouling is also one of the major challenges for MD and has a critical impact since it decreases the MD performances by reducing the membrane flux and lifetime or by deteriorating the product water quality due to increased pore wetting and blockage. [13] [14] [15] The conventional phase inversion technique has been mainly used for MD membrane preparation.
However, membranes derived from this technique have several limitations in terms of permeate flux performance due to their low porosity. The membrane hydrophobicity and liquid entry pressure (LEP) are critical parameters in MD, which reduce membrane pore wetting during the process.
Cost-effective membranes are characterized by high hydrophobicity to generate a selfcleaning effect and reduce the adhesion of bacteria. [16] [17] To enhance the surface hydrophobicity, researchers reported the use of materials with low surface energy 18 or increased surface roughness. 19 Other techniques used for improving hydrophobicity included self-assembly, [20] [21] chemical vapor deposition 22 template synthesis, 23 chemical modification 24 and more recently electrospinning. 25 Electrospinning has been used to fabricate highly porous and hydrophobic nanofiber membranes. Compared with the traditional MD membranes, the electrospun nanofiber membranes (ENM) promise more interesting advantages for MD application to obtain higher permeate flux. Since Feng et al. 26 [33] [34] Incorporating NPs into electrospun nanofibers or hollow fibers has been recently heavily pursued to impart functionalities to membranes. [35] [36] [37] [38] Metallic NPs such as silver and gold have been employed as antimicrobial agents to reduce biofouling of membranes. [39] [40] [41] [42] Silica NPs were also successfully used to improve the hydrophobicity and the lifetime of membranes. [43] [44] [45] [46] The major practical challenges for the incorporation of NPs into membranes are the high cost, poor reproducibility, and difficulty in scaling up nano-membrane manufacturing processes for commercial use. Furthermore, health and safety issues around the use of nanomaterials have to be addressed in the domestic water industry, particularly with respect to the use of NPs.
In this work, a facile and scalable fabrication of composite nanofiber membrane for simultaneously enhanced MD and anti-biofouling is described. The engineered system comprised PEI nanofiber doped with novel ethylene-pentafluorophenylene bridged periodic mesoporous organosilica (PMO) NPs to enhance the hydrophobicity of the composite membrane (Scheme 1). PMO NPs are hybrid nano-objects with very high organic content (~30-70 wt%) and have thus higher properties than organically-doped silica NPs which have lower organic content (~1-30 wt%). [47] [48] [49] [50] Although scalable and relatively cheap to produce, PMO NPs differ from conventional mesoporous silica by their tunable hydrophilicity/hydrophobicity along with many other properties that are associated with the type of organic bridges chosen for the design.
51-54
The PMO doped nanofiber (PEI-PMO NPs) showed resistance to bacterial attachment mainly due to the increased surface roughness and low surface energy. Loading PMO NPs with the eugenol antioxidant/antimicrobial agent 55 boosted the antibiofouling properties by 70 % after 24 h, as the nanofiber membranes released antimicrobial agents in the presence of bacteria (Scheme 1). This fouling resistant composite membrane showed excellent thermal properties with more than 140 % flux increase. This is the first report on PMO-doped PEI nanofibers composite membranes that are superior to the commercially available PTFE membranes in flux and antibiofouling enhancement. solution (6 mL) was electrospun at 25 °C using a 10 mL syringe with a "21 Gauge" needle at a mass flow rate of 1 mL h -1 . A high voltage, (20 kV) was applied between the needle and the plate collector, and an automatic system was used to move the collector in a zig-zag direction to obtain a uniform membrane. The nanofibers were collected on the highly porous polyester support mounted on the grounded collector plate and the thickness of the membrane was controlled by experimental time.
Preparation of PEI-PMO nanofiber membranes.
In order to make the nanocomposite membranes (Scheme 1), PMO (5 or 10 wt% of the polymer weight) was dispersed in (NMP) followed by ultrasonication and then PEI was added up to 17 wt% to 20 wt% of the total weight and dissolved by using a magnetic stirrer at 50°C for 24 h. A fraction of this PEI-PMO solution (6 mL) was electrospun at 25 °C using a 10 mL syringe with a "21 Gauge"
needle at a mass flow rate of 1 mL h -1 .The experiment was then carried out in the manner as that of PEI nanofiber membranes.
Apparatus and methods.
The surface morphologies of the PMO NPs and the electrospun nanofibrous membrane were investigated by field emission scanning electron microscopy (FE-SEM) using SEM Quanta 600 and Nova Nano 630 FEG. For SEM analysis nanofibers were collected on aluminum foil. Prior to SEM analysis, the electrospun membranes were sputter coated with iridium. The average fiber diameter was measured from the SEM image using an image analyzer Image J software. HRTEM was obtained using Titan ST (FEI Company) operating at 300 kV and equipped with a 4×4 k CCD camera (Gatan). Standard 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 was determined by water contact angle technique (WCA). The membrane porosity was measured by a mercury porosimetry. Sorption-desorption analyses were performed with a Micromeritics ASAP 2420 instrument.
2.6. Desalination performance using DCMD. All the membranes were cut into 7 × 12 cm pieces to fit into the DCMD module. Seawater was preheated to the desired temperature (45, 55 , 65 and 75 °C) and circulated through the active side of the membrane, whereas the pure cold water was maintained at 20 °C (coolant) and circulated through the other side of the membrane.
The salt concentration of both feed and coolant were determined by a conductivity meter (OaktonEutech Instruments, Malaysia).
2.7.
Antioxidant/antimicrobial agent loading and release procedure. PMO NPs (25 mg) were dispersed in ethanol solution. Then, eugenol (100 mg) was added to the solution and stirred overnight. After centrifugation, the supernatant was dried in a vacuum oven. Eugenol release from the PMOs and the nanofiber were conducted by placing PMO NPs (2 mg) and nanofiber (20 mg) in deionized water and sea water. At predetermined time interval, the solution was centrifugated and 3 mL were taken from the solution and studied by UV-VIS spectrophotometer (Varian Cary 5000) at 282 nm for eugenol.
Adhesion assay. One isolated colony of the E. coli Top 10 (Invitrogen) transformed
with a plasmid giving an ampicillin resistance was put in culture in LB media containing ampicillin (50 µg mL -1 ) at 37 °C. The commercial PTFE, PEI, PEI-PMOs and cargo-loaded PEIPMOs nanofibers specimen were incubated with 1 mL of the culture (OD 600nm = 0.6-0.8) for 1 h Figure S3 ). The presence of silicon, oxygen, carbon, and fluorine atoms in PMO NPs was further demonstrated by elemental mapping coupled with electron microscopy (see Figure 2A) . 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 PMO nanofibers with 10% loading (H), of PMO NPs. AFM micrographs of PEI-PMO nanofibers with 5 % (I), and 10 % (J), of PMO NPs.
Fabrication and characterization of PMO-doped nanofiber membrane.
In order to study the electrospinnabilty of the bare PEI polymer, we initially tested three different concentrations of PEI polymer into the NMP solvent. At low concentration (15 wt%), the chain overlap was not sufficient and beaded fibers were observed by SEM ( Figure S4A ). Upon increases of the concentration to 17 wt%, the better macromolecule entanglement allowed a satisfactory control of the electrospinning jet producing smooth beads-free PEI nanofibers 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 within the fiber matrix (see Figures 2B-E and S4C ). Using both 5 and 10 wt% of particle concentration, homogenous PEI-PMO nanofibers could be obtained ( Figure S5 ), though PMO concentrations higher than 5 wt% generated increasing amount of particle aggregations (e.g.
severe aggregation at 20 wt%, data not shown). Note that the application of a high electric potential to the dope solution during the electrospinning process causing the ultrafast ejection of the dope solution, accounts for to the orientation of the majority of NPs on the surface of nanofibers. Using spatially-resolved energy-dispersive spectroscopy (EDS) on a segment of particle-free nanofibers and on a grafted particle (1 and 2, respectively in Figure 2D ), the incorporation of PMO NPs onto PEI nanofibers was demonstrated ( Figure 2F -G). This assertion was confirmed on a large area of the membranes via x-ray photoelectron spectroscopy (XPS) measurements ( Figure S6 ). The XPS spectrum of the pristine PEI nanofiber reflected the polymer composition, while the incorporation of PMO NPs generated the appearance of Si atoms ( Figure S6C-D) . In addition, by increasing the loading amount of particles from 5 to 10 wt%, the ratio between the nitrogen over silicon ratio (Si/N) consistently increased in the membranes. The evaluation of other physico-chemical properties of the membrane was then performed.
The thermal stability of membrane was first studied by thermogravimetric analysis (TGA) studies. TGA analyses were performed on PEI fibers, PMO NPs, and on PEI/PMO composite nanofibers ( Figure S7 ). All membranes showed a first weight loss (< 5wt%) from 100 to 200 °C 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 corresponding to solvent evaporation and a second weight loss from ca. 500 to 700 °C corresponding to the degradation of the polymer. TGA thus showed that PMOs NPs did not affect significantly the thermal properties of the composite membranes. The hydrophobicity of the membrane was then studied via water contact angle (WCA) measurements. First, the electrospun PEI membrane showed a higher hydrophobicity than that of the PEI membranes obtained via the casting technique, as shown by the important increase of the WCA from 64 to 123 degrees (Figure 3 ). This was attributed to the rough topology associated with the nanofiber structure. Besides, experimental results showed an increase of the WCA from 123 to 142 degrees by increasing the percent of PMO NPs doping from 5 to 10 wt% due to the hydrophobic ethylene-pentafluorophenylene-based particle composition ( Figure 3 ). Previous studies [56] [57] [58] combined with the increase of liquid entry pressures (Table S2) 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 high porosities on the order of 77 to 86 % with mean pore sizes at around one micron ( Figure   S8 ). 
Membrane distillation studies.
The engineered PEI-PMO composite ENM showed the desired characteristics to be employed as a suitable membrane for MD. Figure 5 shows the water vapor flux data observed during direct contact membrane distillation (DCMD) process using different electrospun membranes and one commercial polytetrafluoroethylene (PTFE)
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